Aims Haptoglobin (Hp) genotype 2-2 increases cardiovascular diabetes complications. In type 2 diabetes, a-tocopherol was shown to lower cardiovascular risk in Hp 2-2, potentially through HDL function improvements. Similar type 1 diabetes data are lacking. We conducted a randomized crossover pilot of a-tocopherol supplementation on HDL function [i.e., cholesterol efflux (CE) and HDLassociated lipid peroxides (LP)] and lipoprotein subfractions in type 1 diabetes. Methods Hp genotype was assessed in members of two Allegheny County, PA, type 1 diabetes registries and the CACTI cohort; 30 were randomly selected within Hp genotype, and 28 Hp 1-1, 31 Hp 2-1 and 30 Hp 2-2 were allocated to daily a-tocopherol or placebo for 8 weeks with a 4-week washout.
Introduction
Reactive oxygen species have been implicated in the etiology and progression of diabetes complications [1] [2] [3] leading to the hypothesis that antioxidants could protect against vascular disease. As clinical trials have generally failed to demonstrate reduced cardiovascular risk with atocopherol supplementation [4] , it has been recently proposed that the success of antioxidant therapy may be limited to highly susceptible subgroups, such as individuals with diabetes and the haptoglobin (Hp) 2-2 genotype [5] .
One of the major physiological roles of Hp is to bind to free hemoglobin, inhibiting oxidative tissue damage that would ensue following release of heme-iron in circulation [6] . In humans, the Hp insertion polymorphism is defined by the absence (Hp 1 allele) or presence (Hp 2 allele) of a 1.7-kb in-frame duplication of exons 3 and 4 of the Hp gene. The Hp 1 and Hp 2 allelic protein products differ in their ability to protect against hemoglobin-driven oxidative stress, with Hp 2 being an inferior antioxidant [7] . Moreover, the Hp protein is HDL associated, with increased Hp binding in Hp 2-2 genotype carriers [8] . Once bound to HDL, Hp has been proposed to tether hemoglobin to HDL, resulting in its oxidative modification and loss of function.
Prospective type 2 diabetes investigations have reported increased cardiovascular risk with Hp 2-2 [10] [11] [12] [13] and improvements in HDL function with a-tocopherol in Hp 2-2 (but not Hp 1-1) carriers [8, 9] , suggesting that vitamin E may modify the Hp 2-2-associated cardiovascular risk. Retrospective analyses of the HOPE trial demonstrated that a-tocopherol supplementation in type 2 diabetes with Hp 2-2 reduces myocardial infarction and cardiovascular mortality [14] . Similarly, in the prospective ICARE trial, atocopherol significantly reduced cardiovascular events by 53 % [15] . In type 1 diabetes, we demonstrated a twofold increased CAD incidence among Hp 2-2 versus Hp 1-1 carriers [16] . Coronary artery calcification incidence was also reported to increase with the number of Hp 2 alleles in type 1 diabetes, but not in controls [17] , providing further support for a role of Hp in CAD in this population.
However, the Hp genotype-HDL function association in type 1 diabetes and the ability of vitamin E to modulate this relationship have not been investigated. We therefore conducted a pilot/feasibility study for a future antioxidant trial. The hypotheses tested were that: (a) HDL function, as measured by HDL-mediated cholesterol efflux, would worsen and HDL-associated lipid peroxides would increase with the number of Hp 2 alleles and (b) a-tocopherol supplementation would improve HDL function and decrease lipid peroxides in, the most susceptible, Hp 2-2 genotype group. A secondary hypothesis tested was that large HDL and LDL particle concentrations would be lower among Hp 2-2 carriers and that vitamin E would favorably affect their distribution.
Methods
We conducted a randomized, double-blinded, placebocontrolled crossover study to evaluate the effects of a-tocopherol supplementation on HDL function in type 1 diabetes, stratifying by Hp genotype (ClinicalTrials.gov Identifier: NCT01098994). Participants for this endeavor were recruited from two type 1 diabetes registries in Allegheny County, Pennsylvania: the Pittsburgh Allegheny County Insulin-Dependent Diabetes Mellitus Registry (ACR) and the Children's Hospital of Pittsburgh/Epidemiology of Diabetes Complications study (EDC). ACR, a detailed description of which has been previously published [18] , was designed to ascertain all new type 1 diabetes cases (\20 years) within 1/1/1965-12/31/1979. The EDC is an ongoing, retrospectively defined, incident cohort of childhood-onset type 1 diabetes [19] . Given the low prevalence of Hp 1-1 and to assure timely sample analysis for all Hp groups, the CACTI study was also used to recruit individuals with type 1 diabetes and the Hp 1-1 genotype [20] . The Universities of Pittsburgh and Colorado IRB approved the study protocol, and all participants provided a written informed consent.
Recruitment took place within 2010-2012. Other than being local residents, eligibility criteria comprised either an age C30 years and diabetes duration C10 years or a cardiovascular disease history, matching eligibility criteria for a future trial of a-tocopherol supplementation on CAD by Hp genotype in type 1 diabetes. Exclusion criteria included acute coronary syndrome in the prior 6 months, pancreatic transplant, unwillingness to limit antioxidant vitamin use to trial medications, or a known allergy to vitamin E. Willing and eligible participants were scheduled for a first clinical visit, where study aims were explained in detail, eligibility was re-assessed, and written informed consent and a blood sample for Hp genotype assessment were obtained, if needed (the majority of EDC participants had already had Hp genotype determined). Samples collected were stored in -70°C freezers and batched until Hp genotype was assessed by an ELISA test [21] . All follow-up procedures were concluded by December 2013.
Subsequent to Hp assessment and following a four-week washout period for those reporting prior antioxidant supplementation to eliminate carryover effects, block randomization (i.e., within Hp genotype) was performed to assign treatment order until approximately 30 within Hp type were enrolled, allowing for a 13 % dropout rate. Thus, participants within each Hp genotype were randomly allocated to 8 weeks of daily a-tocopherol or placebo followed by a second washout period before being assigned to the second intervention. a-Tocopherol was supplied as capsules containing 400 IU d-a-tocopherol acetate, 79 mg rice flour and 10 mg magnesium stearate (Nutricap Labs, Farmingdale, NY). The placebo was identically supplied and formulated except that it contained no d-a-tocopherol acetate. Protocol adherence was evaluated by clinic attendance, by pill count and by comparing plasma a-tocopherol after vitamin E or placebo.
Total lipid peroxides (nanomoles) associated with HDL were assessed (blinded to Hp and treatment sequence) in 1 lg immunopurified HDL as previously reported [22] . Participant serum was also assessed (similarly blinded) for its ability to promote the efflux of 3H-cholesterol from macrophages as previously described [23, 24] . Plasma atocopherol was measured under subdued lighting [25, 26] . Frozen EDTA plasma samples were shipped on dry ice to LipoScience, Inc. (Raleigh, NC), for NMR lipoprotein subfraction analysis. Particle concentrations of lipoproteins of different sizes were calculated from the measured amplitudes of their spectroscopically distinct lipid-methyl group [27] . The sum of the diameter of each subclass multiplied by its relative mass percentage based on the amplitude of its methyl NMR signal was used to derive the weighted-average lipoprotein particle size [27] . NMR lipoprotein variables evaluated were those relating to HDL and LDL cholesterol.
Power
Twenty-five active participants in each Hp group were required to achieve 94 % power for a nonzero contrast of the means versus the alternative that the contrast is zero, assuming cholesterol efflux in Hp 1-1, 2-1 and 2-2 of 13, 12 and 11 %, respectively, using an F-test with a = 0.05, a linear trend across means and a within-group SD = 2 %. Additionally, for the crossover trial, 25 active participants within Hp genotype were required to achieve 92 % power to detect a two-unit difference between vitamin E and placebo, assuming a square root of the within mean square error of 2.00 and a = 0.05 (NCSS, PASS and GEISS 2006. NCSS, Kaysville, UT).
Prior to trial initiation, identification numbers were randomly assigned (by R.G.M.), using simple random sampling without replacement, to each vitamin and placebo bottle to mask the contents. Each vitamin bottle was paired to a bottle from the placebo set, and treatment order was randomly determined for each pair. Upon study entry, participants were assigned to a bottle pair using probability-proportional-to-size sampling weighted for gender. Participants and investigators were masked to the treatment assignment for the duration of the study.
Statistical analysis
Participant characteristics were compared across Hp genotypes using descriptive statistics. The presence of carryover effects (i.e., the significance of the coefficient for treatment sequence) was evaluated in mixed models, with the outcome being plasma a-tocopherol and with random effects for participant ID nested within treatment sequence. Intention-to-treat analysis was subsequently conducted stratified by Hp genotype and involving participants randomly assigned to a treatment group. Separate mixed models were constructed for each Hp genotype, taking into account the time period (intervention A/washout/intervention B) and using random effects for participant ID nested within treatment sequence. Though the study by design was not powered to detect modification of the treatment effect by Hp genotype, we tested the presence of effect modification by including an interaction term in a separate mixed model and plotted the treatment effect estimates.
Results
Of 594 Pittsburgh registrars, 141 were ineligible and 216 declined participation. Of the 237 eligible/willing participants, Hp was unavailable for 51 (due to inability to reestablish contact for, or attend, a clinic visit within a reasonable timeframe). The distribution of the Hp genotype among the remaining 186 individuals was 14.5 % Hp 1-1, 46.8 % Hp 2-1 and 38.7 % Hp 2-2 and was in HardyWeinberg equilibrium (p = 0.93). Additionally, 12 Hp 1-1 carriers were recruited from the CACTI study. Block randomization was subsequently used, and 128 individuals were successfully enrolled in the crossover study: 28 with Hp 1-1, 31 with Hp 2-1 and 30 with Hp 2-2 ( Fig. 1) .
Five participants discontinued the intervention: two with Hp 1-1 (for health reasons unrelated to the intervention and scheduling difficulties), one with Hp 2-1 (no reason provided) and two with Hp 2-2 (due to heavy workload and the possibility of a kidney transplant). In addition, one individual (Hp 1-1) was lost to follow-up after having partially completed the study protocol, and another participant (Hp 2-1) died following an accident unrelated to the intervention. Two of these individuals who did not provide any follow-up data (the one who discontinued participation for health issues unrelated to the intervention and the one withdrawn because of pending transplant) were not included in the analysis, leaving 87 randomly assigned to a treatment group and included in the intention-to-treat analysis (27 Hp 1-1, 31 Hp 2-1 and 29 Hp 2-2, Fig. 1 ). No side effects were reported with the exception of two participants reporting heartburn, one while on vitamin E and the other while on placebo.
No baseline differences in demographic characteristics were observed by Hp (Table 1) . However, there was a significant trend toward lower plasma a-tocopherol and HDL-mediated cholesterol efflux with the number of Hp 2 alleles, while HDL-associated lipid peroxides did not differ by Hp. Generally, lipoproteins measured by NMR also did not differ by Hp, with the exception of an increase in large LDL particle concentration with the number of Hp 2 alleles. As previous research studies in type 1 diabetes have not identified differences in HbA1c by Hp genotype, and given that HbA1c was not anticipated to change in such a short time frame, glycemic control was not assessed in this study.
Adherence, as assessed by pill count (93 and 91 % during the first and second periods, respectively) and plasma atocopherol concentrations, which increased by 68.5 % with supplementation (p value for treatment \0.0001), was high during the crossover study. No carryover effects were detected for a-tocopherol in the overall sample (p = 0. Vitamin E treatment increased cholesterol efflux by 3.3 % in the Hp 2-2 group, but decreased efflux by 2.3 % and 2.9 % in the Hp 1-1 and Hp 2-1 groups. Intention-totreat analyses (Table 2) but had no effect in those homozygous for the Hp 2 allele (p = 0.60). Though the study was not powered to detect interactions, we tested for effect modification by Hp genotype. As expected, the interaction term for a difference in the effect of treatment by Hp did not reach statistical significance (p = 0.25 and 0.63 for cholesterol efflux and HDL-associated lipid peroxides, respectively, Fig. 2 ).
HDL particle concentration increased (b = 1.13, p = 0.08), mostly attributable small HDL particles increases (b = 1.76, p = 0.05), with vitamin E among Hp 1-1 participants, resulting in an overall reduction in HDL particle size in this group (b = -0.07, p = 0.03) (Table 3) . However, treatment generally did not affect HDL particles in Hp 2 allele carriers. Though not statistically significant, treatment also appeared to increase LDL particle concentration in Hp 1 allele carriers (particularly Hp 1-1), although reductions were noted in the Hp 2-2 group, especially in intermediate-density lipoprotein (IDL) particles. Nevertheless, the interaction terms for a difference in the treatment effect by Hp did not reach significance.
Discussion
The notion of individualized medicine and pharmacogenomics has evolved over the past 50 years [31] , although such optimization of drug therapy has yet to be [14, 15, 32] suggest that a polymorphism in the Hp gene may provide the opportunity to reduce cardiovascular events with a-tocopherol supplementation among those with the susceptible Hp 2-2 genotype (approximately 43 and 36 % of type 1 and type 2 diabetes, respectively). Though the scope of our short-duration mechanistic trial was not to assess event reduction with such therapy, our findings suggest that a-tocopherol may improve HDLmediated cholesterol efflux, a dysfunction which may be at least partly responsible for the observed cardiovascular susceptibility in Hp 2-2 carriers in type 1 diabetes. Our results further suggest that vitamin E may reduce LDL particle concentration in this Hp subgroup, with no benefit, indeed somewhat adverse changes in lipoprotein subfractions and lipid peroxides, observed in Hp 1 allele carriers. To our knowledge, similar data on the effect of a-tocopherol supplementation on NMR lipoprotein subfractions by Hp genotype in type 1 diabetes are unavailable.
Being a pilot, our study was not powered to detect a pharmacogenetic effect. However, our findings must be viewed in light of the strong type 2 diabetes evidence, which motivated this study. Our results on HDL function are indeed consistent with those previously obtained in type 2 diabetes [8, 9] . The HDL function differences we observed by Hp genotype and with supplementation were not large. However, it is critical to emphasize that they were of the same magnitude as those recently reported to be independently associated with cardiovascular events [28] . This improvement in HDL function with a-tocopherol Models took into account the time period; random effects for participant ID nested within treatment sequence were used in the large subset of the type 1 diabetes population associated with HDL dysfunction (Hp 2-2) contrasts the lack of a similar benefit from drugs used in trials to raise HDL cholesterol [29] . Nevertheless, as discrepancies exist regarding the direction of the cholesterol efflux-cardiovascular disease association [30] , further research is needed to understand the complex interplay between HDL and atherosclerosis development. In type 2 diabetes, low HDL is an important, independent determinant of cardiovascular risk. Its role in type 1 diabetes, however, is unclear, as HDL mass (or cholesterol) is generally not reduced, leading, early on [33] , to the concept of HDL dysfunction. As previously published [8] , the noted HDL dysfunction in diabetes with Hp 2-2 and atocopherol's potential to reverse this impairment relate to the ability of the Hp 2-2 protein to bind to Apo A1 on HDL and therefore tether hemoglobin to HDL. We have proposed that the specificity of the interaction of Hp genotype and diabetes on HDL function is due to the impaired clearance of hemoglobin in diabetes with Hp 2-2 and the impaired ability of Hp 2-2 to prevent heme release from hemoglobin when the latter is glycated, which occurs to a greater degree in the diabetic state [8] . We have previously shown that this heme-iron associated with HDL in diabetes with Hp 2-2 leads to the oxidative modification of HDL, resulting not only in impaired HDL-mediated reverse cholesterol transport, but also rendering the HDL proatherogenic [8] .
Whether measures of HDL function, and consequently the effects of a-tocopherol supplementation, relate to cardiovascular event development is not currently known in type 1 diabetes, where clinical trial data are lacking. These findings, however, provide some support for the hypothesis that a-tocopherol supplementation, while not beneficial to the general or diabetes population overall, may benefit those most susceptible to cardiovascular disease, i.e., individuals with diabetes who carry the Hp 2-2 genotype. However, definitive conclusions on this matter, which could affect up to 43 % of individuals with type 1 diabetes, will have to await results from a randomized clinical trial. Of importance in this regard is the small increase noted in lipid peroxide and LDL particle concentration along with a decrease in HDL particle size among Hp 1 allele carriers with vitamin E therapy. A worsening of HDL function with a-tocopherol supplementation has also been previously reported in type 2 diabetes [9] . These findings further underscore the need for a full pharmacogenetic intervention trial before considering such supplementation in those with type 1 diabetes and the Hp 1-1/2-1 genotype. These results may also partially explain the null or harmful effects observed with antioxidant supplementation in previously conducted trials.
Limitations of this pilot include the lack of power to detect effect modification by Hp, as such ability requires much larger samples. Another was the small number of covariates measured. However, previous type 1 diabetes studies have not reported differences in clinical characteristics by Hp genotype, with the exception of non-HDL cholesterol [16, 34] . It is thus unlikely that any further risk factor differences would have been observed here. Finally, although a decrease in lipid peroxides concentration has been theorized as one potential mechanism for the increase in efflux following atocopherol supplementation, other pathways (involving, e.g., protein oxidation) have also been suggested to play a role. Unfortunately, we have not investigated these other mechanisms in this project. Nevertheless, as it is not clear which structural change in HDL is responsible for the loss of function in different settings and, currently, there is no accepted structural HDL biomarker for HDL function, the lack of effect on lipid peroxides with supplementation invalidates neither the hypothesis nor the findings.
In conclusion, our results suggest that HDL function worsens with the number of Hp 2 alleles in type 1 diabetes. Our findings further support that a-tocopherol supplementation may improve HDL function in those with the Hp 2-2 genotype. However, as this pilot was not adequately powered to detect a significant modification of the effect of treatment with vitamin E by Hp genotype, our findings require replication in larger trials, specifically designed to evaluate the presence of a pharmacogenetic effect.
